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Clinical Relevancy Statement {#jpen1172-sec-0050}
============================

Infants born extremely preterm are deprived of the full last trimester in utero. Thus, they are also deprived of the placental transfer of long‐chain polyunsaturated fatty acids (LC‐PUFAs), which are essential for normal development of the central nervous system. These infants are dependent on an exogenous supply of LC‐PUFAs from enteral or parenteral sources in early perinatal life. However, the most effective LC‐PUFA supplementation strategy in terms of mode of delivery, dose, and duration remains to be determined.

Here, we show that ω‐3 and ω‐6 LC‐PUFAs administered via breast milk or parenteral lipid emulsion differ considerably in their ability to increase neonate serum levels in infants born before 28 weeks gestation.

Introduction {#jpen1172-sec-0060}
============

In the interim between birth and the time when infants born extremely preterm reach full enteral feeding (150--180 mL kg^−1^ d^−1^), human milk must be complemented with parenteral lipid emulsions to meet the infant\'s requirements for energy and essential fatty acids (FAs). Parenteral lipid emulsions used in pediatric care are based on plant oils containing the essential FAs linoleic acid (LA, 18:2n‐6) and α‐linolenic acid (ALA; 18:3n‐3) of the ω‐6 (n‐6) and ω‐3 (n‐3) families in various ratios.[1](#jpen1172-bib-0001){ref-type="ref"} These emulsions may also be fortified with a fraction of oils derived from fish to provide the infant long‐chain polyunsaturated fatty acids (LC‐PUFAs), such as docosahexaenoic acid (DHA, 22:6n‐3) and its precursor eicosapentaenoic acid (EPA, 20:5n‐3). LC‐PUFAs are essential for proper development and functioning of the central nervous system. An inadequate LC‐PUFA supply during the perinatal period following moderately to extremely preterm birth has been associated with long‐term effects on cognition and visual acuity.[2](#jpen1172-bib-0002){ref-type="ref"}, [3](#jpen1172-bib-0003){ref-type="ref"}, [4](#jpen1172-bib-0004){ref-type="ref"} Growing evidence indicates that extremely preterm infants under standard care receive insufficient amounts of LC‐PUFAs[5](#jpen1172-bib-0005){ref-type="ref"}; however, no consensus exists regarding the best practice for LC‐PUFA supplementation to neonates in terms of lipid composition, dosage, duration of treatment, or mode of delivery.

DHA and arachidonic acid (AA; 20:4n‐6) are highly enriched in brain gray matter and the retina, where they are integral components of cellular membranes. These and other LC‐PUFAs serve as precursors of potent signaling molecules, including prostaglandins, thromboxanes, leukotrienes, and resolvins, with well‐documented roles in inflammation and immune functions.[6](#jpen1172-bib-0006){ref-type="ref"} DHA and AA deficiency in neonates has been associated with an altered growth rate, manifestations of allergy, reduced intellectual development, and increased risk of several morbidities commonly associated with prematurity.[5](#jpen1172-bib-0005){ref-type="ref"}, [7](#jpen1172-bib-0007){ref-type="ref"} Preterm infants are capable, to a certain extent, of de novo synthesis of DHA and AA from their shorter‐chain precursors ALA and LA, respectively.[8](#jpen1172-bib-0008){ref-type="ref"} However, based on estimations from intrauterine accretion rates, the conversion is not sufficient to supply the infant with appropriate amounts of these FAs.[9](#jpen1172-bib-0009){ref-type="ref"} As such, infant blood LC‐PUFA status is determined by the exogenous supply, endogenous synthesis, peripheral accretion, and extent of catabolic consumption.

Numerous studies have addressed how enteral supplementation of LC‐PUFAs affects the levels in infant blood and long‐term outcomes.[10](#jpen1172-bib-0010){ref-type="ref"}, [11](#jpen1172-bib-0011){ref-type="ref"}, [12](#jpen1172-bib-0012){ref-type="ref"}, [13](#jpen1172-bib-0013){ref-type="ref"}, [14](#jpen1172-bib-0014){ref-type="ref"} A strong correlation between the amount of DHA supplemented enterally and infant blood levels has been reported.[15](#jpen1172-bib-0015){ref-type="ref"} Many studies have also addressed the effect of parenteral supplementation of LC‐PUFAs.[16](#jpen1172-bib-0016){ref-type="ref"} Comparably less attention has been paid to determining the quantitative contribution of these 2 modes of LC‐PUFA delivery (ie, enteral supply via milk and parenteral supply via intravenous lipid emulsions) and how these together shape an infant\'s FA levels in the blood.

The aim of the present study was to investigate how milk FAs in combination with 2 different parenteral lipid solutions, 1 exclusively containing plant‐derived oils (Clinoleic; Baxter Medical AB, Kista, Sweden) and 1 containing 15% fish oil with n‐3 LC‐PUFAs (SMOFlipid; Fresenius Kabi, Uppsala, Sweden), affect FA fractions in infant serum during the first 2 weeks after birth.

Materials and Methods {#jpen1172-sec-0070}
=====================

Study Design {#jpen1172-sec-0080}
------------

This investigation is a part of the Donna Mega study, a randomized monocentric controlled clinical trial aiming to determine the effect of parental lipid emulsions Clinoleic (Baxter Medical AB) and SMOFlipid (Fresenius Kabi) on infant morbidities and growth. Women delivering \< 28 weeks gestation who were admitted to the neonatal care unit at Sahlgrenska University Hospital in Gothenburg, Sweden, between April 4, 2013, and September 22, 2015, were eligible for inclusion in the study. Seventy‐eight mothers giving birth to 90 infants prematurely were included in the study (Figure [1](#jpen1172-fig-0001){ref-type="fig"}). Twelve infants died during the study period, leaving 78 infants and 75 mothers to complete the study. Infants with major malformations were excluded. The study protocol can be found at clinicaltrials.gov (Clinical trial NCT 02760472). The details of the cohort were described previously.[17](#jpen1172-bib-0017){ref-type="ref"}

![Patient enrollment flowchart.](JPEN-43-152-g001){#jpen1172-fig-0001}

Sampling and FA Analysis {#jpen1172-sec-0090}
------------------------

Mother\'s milk was collected on postnatal day 7 and the FA composition determined. The results from this analysis are published elsewhere.[18](#jpen1172-bib-0018){ref-type="ref"} Frozen, anonymous donor milk samples from 6 mothers were obtained from Modersmjölkcentralen at Queen Silvia Children\'s Hospital. Total lipids were extracted from milk and FA methyl esters (FAMEs) prepared and analyzed by gas chromatography‐mass spectrometry (GC‐MS).[18](#jpen1172-bib-0018){ref-type="ref"} In accordance with previous studies, no effect of pasteurization on the FA composition was noted.[19](#jpen1172-bib-0019){ref-type="ref"}, [20](#jpen1172-bib-0020){ref-type="ref"} Venous blood samples were collected from the infants at birth (cord blood), on postnatal days 1, 7, 14, and 28, and postmenstrual age (PMA) weeks 32, 36, and 40. Phospholipids were extracted from blood serum and FAMEs analyzed by GC‐MS.[17](#jpen1172-bib-0017){ref-type="ref"}

Enteral and Parenteral Nutrition Strategy {#jpen1172-sec-0100}
-----------------------------------------

Infants were randomized to receive 1 of 2 lipid emulsions: Clinoleic (Baxter Medical AB) based on olive oil and soy oil, or SMOFlipid (Fresenius Kabi) based on soybean oil, medium‐chain triglycerides, olive oil, and 15% fish oil containing n‐3 LC‐PUFAs. The randomization procedure and nutrition strategy were described previously.[17](#jpen1172-bib-0017){ref-type="ref"}

The LC‐PUFA content of lipid emulsions was analyzed by GC‐MS.[17](#jpen1172-bib-0017){ref-type="ref"} The LA and ALA content was 40.3 and 4.0 mg mL^−1^ in Clinoleic (Baxter Medical AB), and 56.1 and 7.6 mg mL^−1^ in SMOFlipid (Fresenius Kabi), respectively. The AA content was 0.20 mg mL^−1^ in Clinoleic (Baxter Medical AB) and 0.54 mg mL^−1^ in SMOFlipid (Fresenius Kabi). The EPA and DHA concentrations in SMOFlipid (Baxter Medical AB) were 5.64 mg mL^−1^ and 5.65 mg mL^−1^, respectively. As expected, Clinoleic (Baxter Medical AB) did not contain any detectable amounts of EPA or DHA.

Enteral and Parenteral Intake of FAs {#jpen1172-sec-0110}
------------------------------------

The FA concentrations determined in mother\'s milk and averages from donor milk (n = 6) were used to calculate the total enteral intake of AA, DHA, and EPA during the first 2 weeks of infant life. When calculating the total FA intake from milk, a total fat concentration of 3.6% was assumed for both the mother\'s own milk and the donor milk over the first 2 weeks of lactation. Milk from mothers delivering preterm has been reported to have a higher fat content than full‐term deliveries, and fat content changes during the lactation period.[21](#jpen1172-bib-0021){ref-type="ref"}, [22](#jpen1172-bib-0022){ref-type="ref"}, [23](#jpen1172-bib-0023){ref-type="ref"}, [24](#jpen1172-bib-0024){ref-type="ref"} In addition, we assumed equal uptake of FAs from pasteurized and nonpasteurized donor milk, although the absorption of FAs from pasteurized milk may be reduced due to denaturation of milk lipases.[25](#jpen1172-bib-0025){ref-type="ref"} All milk fat was calculated to be comprised only of FAs. However, other lipid components, such as the triacylglycerol‐, phospholipid‐, and cholesterol ester backbones, make up a minor part of the total fat content.[26](#jpen1172-bib-0026){ref-type="ref"} Finally, all FAs were assumed to be fully absorbed, although the true bioavailability in preterm infants is reported to be in the range of 85%--100% depending on FA species.[27](#jpen1172-bib-0027){ref-type="ref"} Birth weight was used when normalizing milk and parenteral lipid emulsion intake to mg per kg body weight during the first 2 weeks of life.

Statistical Analysis {#jpen1172-sec-0120}
--------------------

SPSS 24.0 (IBM Corp., Armonk, NY) was used for all statistical analyses. *P* values \< 0.05 were considered significant. Nonparametric Spearman rank order test was applied for correlation analyses, and Mann‐Whitney U test was applied to compare treatment groups. Infants deceased before 40 weeks PMA were not included in the correlation analyses of serum FAs and milk FAs or enteral/parenteral intake. Multiple linear regression analyses were validated using common practices. The parameters used to describe models from the multiple linear regression analyses were: β, slope of the specified independent variable in the model; *P*‐value, significance of the specified independent variable in the model; and model R^2^, goodness‐of‐fit of the model.

Ethics {#jpen1172-sec-0130}
------

The study was approved by the Regional Ethical Board, Gothenburg (Dnr 303--11; Clinical trial NCT 02760472). Informed signed consent was obtained from all participating parents/guardians.

Results {#jpen1172-sec-0140}
=======

Study Population {#jpen1172-sec-0150}
----------------

Of the 78 infants who completed the study, 37 were randomized to receive Clinoleic (Baxter Medical AB) and 41 to receive SMOFlipid (Fresenius Kabi) parenteral lipids (Figure [1](#jpen1172-fig-0001){ref-type="fig"}). Detailed clinical characteristics of the infants can be found elsewhere.[17](#jpen1172-bib-0017){ref-type="ref"} The total volume of parenteral lipid solution and milk administered during the first 2 weeks of life is reported in Table [1](#jpen1172-tbl-0001){ref-type="table"}. Intake of mother\'s milk, donor milk, and parenteral lipids did not differ between treatment groups during this time. The proportions of the 21 most abundant FAs in the phospholipid fraction from cord blood and infant serum collected at postnatal age (PNA) 1, 7, 14, and 28 days; and PMA 32, 36, and 40 weeks were analyzed by GC‐MS[17](#jpen1172-bib-0017){ref-type="ref"} ([Figure S1](#jpen1172-supl-0001){ref-type="supplementary-material"}).

###### 

Intake of Human Milk and Lipids During First 2 Weeks of Life

                                                                                        Clinoleic (n = 37)     SMOFlipid (n = 41)     Clinoleic[a](#jpen1172-tbl1-note-0002){ref-type="fn"} vs SMOFlipid[b](#jpen1172-tbl1-note-0003){ref-type="fn"}                                  
  ------------ ------------------------------------------------------------------------ ---------------------- ---------------------- ---------------------------------------------------------------------------------------------------------------- ---------------------- ------- -------
  Enteral      Mother\'s milk (mL)                                                      48.7 (34.6--64)        125.1 (89.6--161.1)    39.8 (25.9--56.5)                                                                                                106.6 (74.2--140.9)    0.062   0.260
               Donor milk (mL)                                                          8.3 (4.2--16)          0 (0--3.3)             6.4 (4.1--17.5)                                                                                                  0 (0--0)               0.334   0.812
               Total fat (g·kg^−1^·d^−1^)[c](#jpen1172-tbl1-note-0004){ref-type="fn"}   2.2 (1.7--2.8)         4.8 (3.3--6.2)         1.7 (1.1--2.5)                                                                                                   4.3 (3.3--5.3)         0.098   0.360
               LA (mg·kg^−1^·d^−1^)                                                     198.6 (138.8--230.4)   408.1 (286.7--533.6)   163.3 (94.2--242.3)                                                                                              392.5 (256.7--499.9)   0.303   0.572
               ALA (mg·kg^−1^·d^−1^)                                                    24.9 (14.7--33.4)      52.2 (32.7--70.9)      23.4 (11.9--31.6)                                                                                                49.9 (30.7--65.1)      0.375   0.552
               AA (mg·kg^−1^·d^−1^)                                                     8.5 (5.5--11.8)        19.3 (10.7--25.1)      6.8 (4.9--8.9)                                                                                                   16.4 (12.8--21.9)      0.214   0.444
               EPA (mg·kg^−1^·d^−1^)                                                    1.3 (0.8--2.1)         2.2 (1.4--3.9)         1.1 (0.6--1.8)                                                                                                   2.6 (1.4--3.6)         0.457   0.924
               DHA (mg·kg^−1^·d^−1^)                                                    8.1 (3.8--11.4)        17.6 (8.8--25.4)       7.1 (3.8--10.3)                                                                                                  15.1 (11--24.6)        0.668   0.956
  Parenteral   Total fat (g·kg^−1^·d^−1^)                                               1.7 (1.2--2.1)         0.7 (0--1.9)           1.8 (1.5--2.1)                                                                                                   1.6 (0.3--2.2)         0.552   0.149
               LA (mg·kg^−1^·d^−1^)                                                     345.2 (250.7--424.8)   150.8 (0--389.4)       516.8 (428.9--596.1)                                                                                             448.6 (78.4--618.1)    0.000   0.008
               ALA (mg·kg^−1^·d^−1^)                                                    34.7 (25.2--42.7)      15.1 (0--39.1)         69.8 (57.9--80.5)                                                                                                60.6 (10.6--83.5)      0.000   0.001
               AA (mg·kg^−1^·d^−1^)                                                     1.8 (1.3--2.2)         0.8 (0--2)             5 (4.1--5.8)                                                                                                     4.3 (0.8--6)           0.000   0.000
               EPA (mg·kg^−1^·d^−1^)                                                    0 (0--0)               0 (0--0)               52 (43.1--59.9)                                                                                                  45.1 (7.9--62.1)       --      --
               DHA (mg·kg^−1^·d^−1^)                                                    0 (0--0)               0 (0--0)               52.1 (43.2--60.1)                                                                                                45.2 (7.9--62.3)       --      --

Data are presented as median (25th--75th percentile). *P*‐values were determined using Mann‐Whitney U‐test.

Clinoleic: Baxter Medical AB, Kista, Sweden.

SMOFlipid: Fresenius Kabi, Uppsala, Sweden.

Total fat concentration of 3.6% was assumed for both the mother\'s milk and donor milk.

AA, arachidonic acid; ALA, α‐linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid.

John Wiley & Sons, Ltd.

Enterally Supplied FAs Strongly Correlate with Infant Serum Levels {#jpen1172-sec-0160}
------------------------------------------------------------------

To determine the association between FA levels in mother\'s milk and infant serum, correlation analyses were performed between FA fractions of milk collected on postnatal day 7 and infant serum phospholipid FAs from birth up to PMA 40 weeks (Table [2](#jpen1172-tbl-0002){ref-type="table"}). We only consider correlations to be significant if they are found at 2 or more consecutive time points because we expected the influence of milk FA on infants' serum to persist over time. Using this criterion, significant correlations were evident for margaric acid (17:0), ALA, eicosadienoic acid (20:2n‐6), AA, EPA, and DHA. These observations indicate that intake of mother\'s milk impacts phospholipid FA composition in infant serum, particularly the LC‐PUFAs.

###### 

Correlation Between Fatty Acids in Breast Milk Collected Postnatal Day 7 and Cord Blood or Infant Serum

                                        PNA  PNA               PNA              PNA              PMA              PMA              PMA
  --------------------------------- -- ----- ----------------- ---------------- ---------------- ---------------- --------------- -----
  17:0 (margaric acid)                                         0.361 (0.001)                     0.366 (0.001)    0.34 (0.006)    
  20:2n‐6 (eicosadienoic acid)                                 −0.317 (0.005)   −0.327 (0.005)   −0.328 (0.005)                   
  20:4n‐6 (arachidonic acid)                                                    0.313 (0.007)    0.334 (0.004)                    
  20:5n‐3 (eicosapentaenoic acid)            0.264 (0.020)     0.330 (0.004)                                                      
  22:6n‐3 (docosahexaenoic acid)             0.469 (0.00002)   0.301 (0.008)    0.301 (0.010)    0.226 (0.054)    0.348 (0.006)   

Spearman rank correlation coefficient (*r*) and significance (*P*‐value) are shown.

CB, cord blood; D, day(s); n, number of infants; PMA, postmenstrual age; PNA, postnatal age.

John Wiley & Sons, Ltd.

Total Intake of DHA During the First 2 Weeks of Life and Relation to Serum Levels {#jpen1172-sec-0170}
---------------------------------------------------------------------------------

Within 14 days of life, 62% of the infants (48/78) had ceased receiving parenteral lipids (Figure [2](#jpen1172-fig-0002){ref-type="fig"}A), and full enteral feeding was achieved (\> 150 mL kg^−1^ d^−1^; Figure [2](#jpen1172-fig-0002){ref-type="fig"}B). The total amount of DHA provided via milk during this time period correlated with infant serum levels at PNA 14 days in the Clinoleic (Baxter Medical AB) group (*r* = 0.507, *P* = 0.001) but not in the SMOFlipid (Fresenius Kabi) group (Figures [3](#jpen1172-fig-0003){ref-type="fig"}A and [3](#jpen1172-fig-0003){ref-type="fig"}B). The effect of milk DHA on the molar fraction of DHA in infant serum remained significant in the Clinoleic (Baxter Medical AB) group after adjusting for gestational age in a multiple linear regression model (Enteral DHA (mg), β = 0.002, *P* = 0.031; Gestational age (weeks), β = 0.109, *P* = 0.038, model R^2^ = 0.347). In the SMOFlipid (Fresenius Kabi) group, parenterally administered DHA did not correlate with infant serum levels (Figure [3](#jpen1172-fig-0003){ref-type="fig"}C). Finally, the combined DHA administered via milk and parenteral lipids did not correlate with levels in serum from infants receiving SMOFlipid (Fresenius Kabi; Figure [3](#jpen1172-fig-0003){ref-type="fig"}D). Because Clinoleic (Baxter Medical AB) does not contain DHA, only the contribution from milk DHA is shown in Figure [3](#jpen1172-fig-0003){ref-type="fig"}D for this patient group.

![(A) Histogram showing the number of days infants received parenteral lipid nutrition. (B) Total number of infants receiving full enteral feeding (\> 150 mL kg^−1^ d^−1^).](JPEN-43-152-g002){#jpen1172-fig-0002}

![Relationship between total intake of DHA and infant serum level on postnatal day 14. (A) Total DHA administered enterally (mother\'s milk and donor milk) vs infant serum in the Clinoleic (Baxter Medical AB, Kista, Sweden) group and (B) SMOFlipid (Fresenius Kabi, Uppsala, Sweden) group. (C) Total DHA administered parenterally vs infant serum levels in the SMOFlipid group (Fresenius Kabi). (D) Total DHA administered enterally and parenterally vs infant serum levels in the Clinoleic (Baxter Medical AB) and SMOFlipid (Baxter Medical AB) groups. DHA, docosahexaenoic acid.](JPEN-43-152-g003){#jpen1172-fig-0003}

Total Intake of EPA and AA During the First 2 Weeks of Life and Relation to Serum Levels {#jpen1172-sec-0180}
----------------------------------------------------------------------------------------

Milk EPA administered to infants the first 2 weeks correlated with serum levels of EPA at PNA 14 days in the Clinoleic (Baxter Medical AB) group (*r* = 0.541, *P* = 0.001) but not in the SMOFlipid (Fresenius Kabi) group (Figures [4](#jpen1172-fig-0004){ref-type="fig"}A and [4](#jpen1172-fig-0004){ref-type="fig"}B). Conversely, parenterally administered EPA correlated with serum levels in the SMOFlipid (Fresenius Kabi) group (Figure [4](#jpen1172-fig-0004){ref-type="fig"}C; *r* = 0.341, *P* = 0.031). We found an inverse association between the volume of parenterally administered Clinoleic (Baxter Medical AB) over the first 2 weeks of life and infant serum EPA levels (Figure [4](#jpen1172-fig-0004){ref-type="fig"}D; *r* = −0.381, *P* = 0.020).

![Relationship between total intake of EPA and infant serum levels on postnatal day 14. (A) Total EPA administered enterally (mother\'s milk and donor milk) vs infant serum levels in the Clinoleic (Baxter Medical AB, Kista, Sweden) group (B) and in the SMOFlipid (Fresenius Kabi, Uppsala, Sweden) group. (C) Total EPA administered parenterally vs serum levels in the SMOFlipid (Fresenius Kabi) group. (D) Total volume of administered parenteral lipid emulsion vs infant serum EPA levels in the Clinoleic (Baxter Medical AB) group. EPA, eicosapentaenoic acid.](JPEN-43-152-g004){#jpen1172-fig-0004}

Milk AA and total AA administered via milk and parenteral lipids exhibited weak positive correlations with infant serum levels in the SMOFlipid (Fresenius Kabi) group at PNA 14 days (*r* = 0.387, *P* = 0.015 and *r* = 0.357, *P* = 0.026, respectively). The total volume of parenterally administered SMOFlipid (Fresenius Kabi) over the first 2 weeks was negatively associated with infant serum AA (Figure [5](#jpen1172-fig-0005){ref-type="fig"}; *r* = −0.338, *P* = 0.033). No significant correlation was found between administered parenteral and/or enteral AA and infant serum levels in the Clinoleic (Baxter Medical AB) group.

![Relationship between total intake of parenteral lipid emulsion and infant serum AA levels on postnatal day 14. Total volume of administered parenteral lipid emulsion vs infant serum AA levels in the SMOFlipid (Fresenius Kabi, Uppsala, Sweden) group. AA, arachidonic acid.](JPEN-43-152-g005){#jpen1172-fig-0005}

Discussion {#jpen1172-sec-0190}
==========

LC‐PUFAs are actively transferred across the placenta at an increasing rate as pregnancy progresses, coinciding with high fetal accretion of LC‐PUFAs, which peak during the third trimester when substantial organ development occurs. The intrauterine accretion rate during the last trimester has been estimated to be 212 and 45 mg kg^−1^ d^−1^ for AA and DHA, respectively.[9](#jpen1172-bib-0009){ref-type="ref"} The current daily recommended intake to sustain normal growth and development after preterm birth is 385--1540 mg LA, \> 50 mg AA, 50--60 mg DHA, and ≤ 20 mg EPA per kg of body weight.[28](#jpen1172-bib-0028){ref-type="ref"} In this study, the intake of FAs was estimated by measurements of the relative concentration of FAs in mother´s own milk and donor milk; based on previously reported data,[29](#jpen1172-bib-0029){ref-type="ref"} we assumed a fat content of 3.6% to calculate infants' enteral intake of FAs. We also determined the FA content in Clinoleic (Baxter Medical AB) and SMOFlipid (Fresenius Kabi) to calculate parenteral FA intake. On average, infants enrolled in this study received the recommended dose of LA during their first week of life, when the contribution from both milk and parenteral lipids was included. LA intake was also sufficient to meet the recommendation during the second week, when only FAs from milk were considered (Table [1](#jpen1172-tbl-0001){ref-type="table"}). Both treatment groups received approximately half the recommended dose of AA, and only infants on SMOFlipid (Fresenius Kabi) received the recommended dose of DHA in the second week. As parenteral lipids were the main source of DHA in the SMOFlipid (Fresenius Kabi) group, these infants were also at risk of developing DHA deficiency once parenteral supplementation ceased, which occurred a median 12 days after birth. The proportion of LC‐PUFAs in mother\'s milk decreases during the lactation period; DHA and AA concentrations are reduced to almost half during the first month after delivery.[18](#jpen1172-bib-0018){ref-type="ref"}, [30](#jpen1172-bib-0030){ref-type="ref"} The rapid decrease in milk LC‐PUFAs implicates a reduced relative intake of these FAs by the infant over time if not supplemented. Thus, LC‐PUFA deficiency in preterm infants may not only persist during the first months of life but also may escalate, with potentially life‐long consequences.

LC‐PUFA supplementation may be administered either enterally, directly as an oil, or by fortifying milk and/or through parenteral lipid emulsions during the early perinatal period. Parenteral lipid emulsions containing fish oil rich in EPA and DHA have been shown to be well‐tolerated by preterm infants and to increase blood levels of DHA and/or EPA compared with emulsions lacking these FAs.[31](#jpen1172-bib-0031){ref-type="ref"}, [32](#jpen1172-bib-0032){ref-type="ref"} However, the potential benefits of parenteral lipid solutions containing fish oil, such as SMOFlipid (Fresenius Kabi) and Omegaven (Fresenius Kabi, Uppsala, Sweden), in neonates have been questioned.[28](#jpen1172-bib-0028){ref-type="ref"} One concern is the high EPA content, which may increase circulating EPA levels far above what is physiological, with unknown consequences for infant health.[17](#jpen1172-bib-0017){ref-type="ref"} We have previously reported that infants on SMOFlipid (Fresenius Kabi) exceeded the recommended intake of EPA by \>100%, concomitant with a doubling of serum EPA levels at PNA 14 days compared with the levels at birth.[17](#jpen1172-bib-0017){ref-type="ref"} The second concern regarding the use of fish oils is that they have a high ratio of EPA + DHA to AA (about 20:1 mol%). As previously shown in this[17](#jpen1172-bib-0017){ref-type="ref"} and other[33](#jpen1172-bib-0033){ref-type="ref"} cohorts, the use of fish oils in parenteral solutions may further reduce the already low AA levels in infant serum. We found a significant negative correlation between the amount of SMOFlipid (Fresenius Kabi) administered and serum AA levels. We interpret this as high parenteral EPA and DHA having a negative effect on serum AA levels. Association between intake of Clinoleic and EPA is shown in Figure [4](#jpen1172-fig-0004){ref-type="fig"}D. There was a similar association between intake of Clinoleic and DHA but this data is not shown. As expected, infants receiving the highest amounts of parenteral lipids were also the ones with the lowest milk intake. Thus, the smallest and most vulnerable neonates suffered the most from receiving parenteral lipids devoid of n‐3 LC‐PUFAs in terms of maintaining DHA status.

We assessed the levels of circulating FAs in infant serum phospholipids as a surrogate for the actual tissue levels. In a recent comprehensive animal study, enteral formula feeding was compared with the administration of parenteral lipid emulsion.[34](#jpen1172-bib-0034){ref-type="ref"} In this study, preterm piglets were fed formula or 1 of 3 parenteral lipid emulsions (Intralipid (Fresenius Kabi, Uppsala, Sweden), Omegaven, or SMOFlipid \[Fresenius Kabi\]) for 14 days. After treatment, the FA profiles of total lipid extracts were determined in the liver, brain, and plasma; DHA and EPA were enriched in all body fractions from SMOFlipid‐fed (Fresenius Kabi) piglets compared with formula‐fed piglets or those receiving Intralipid (a fully plant‐based emulsion analogous to Clinoleic \[Baxter Medical AB\]). Furthermore, the AA fraction was greater in piglets receiving Intralipid compared with those receiving SMOFlipid (Fresenius Kabi). These results agree with data presented here on the effect of Clinoleic (Baxter Medical AB) and SMOFlipid (Fresenius Kabi) on serum LC‐PUFA status and suggest that circulating FA levels are a good predictor of FAs accreted into organs.

Fourteen days postnatally, there were strong correlations between the amount of EPA and DHA given via milk and the levels measured in serum among infants receiving Clinoleic (Baxter Medical AB). Although these correlations were highly significant, the correlation coefficients were rather low; only 50%--60% of the variance in serum EPA and DHA could be explained by dietary intake according to our models. Several factors that were not considered here may contribute to this, including the actual fat content of the milk, level of endogenous synthesis, intestinal absorption efficiency, and metabolic state.

Surprisingly, we found no correlation between infant serum DHA and DHA administered parenterally and/or enterally in the SMOFlipid (Fresenius Kabi) group. As we previously reported,[17](#jpen1172-bib-0017){ref-type="ref"} serum DHA concentration at PNA 14 days was significantly higher in infants receiving SMOFlipid (Fresenius Kabi). However, the increase was rather modest: median (25th--75th percentile) 2.7 (2.4--2.9) mol% for SMOFlipid (Fresenius Kabi) compared with 2.3 (1.9--2.7) mol% for Clinoleic (Baxter Medical AB; [Figure S1](#jpen1172-supl-0001){ref-type="supplementary-material"}). The FA analysis used in this study does not discriminate the origin of the serum DHA from enteral or parenteral sources. The fact that the enteral intake of DHA did not correlate with serum levels in the SMOFlipid (Fresenius Kabi) group indicates that the lipid emulsion modulates the incorporation of dietary DHA into phospholipids. Further studies are needed to determine how the 2 modes of nutrition supply interact with each other and to elucidate the quantitative contribution to serum phospholipid levels.

The best effect of DHA supplementation in terms of increasing infant serum levels using SMOFlipid (Fresenius Kabi) was found with a dose of 500--750 mg kg^−1^ during the first 2 weeks, corresponding to 35--55 mg kg^−1^ d^−1^. Together with the contribution from milk, the total DHA intake for these infants was 45--70 mg kg^−1^ d^−1^ (ie, in the recommended range for supplementation).[28](#jpen1172-bib-0028){ref-type="ref"} In the DHA intake and measurement of neural development (DIAMOND) trial, where full‐term infants were given formula containing 0%, 0.32%, 0.64%, or 0.96% DHA (while keeping AA constant), a curvilinear relationship between formula DHA and blood DHA determined at ages 4 and 12 months was found[10](#jpen1172-bib-0010){ref-type="ref"}; increasing formula DHA from 0.64%--0.96% only marginally increased blood DHA. One explanation for the lack of a linear increase in serum DHA with increased intake of SMOFlipid (Fresenius Kabi) may be that a level of saturation of the serum phospholipids is reached. In the DIAMOND study, such saturation was first observed when red blood cell DHA doubled in the treated group vs untreated.[10](#jpen1172-bib-0010){ref-type="ref"} In our cohort, the average serum DHA level was 18% lower on day 14 compared with day 1, making it unlikely that DHA saturation is the full explanation for our findings.

Dietary LC‐PUFAs are absorbed by enterocytes, assembled into triglycerides, and then packaged into lipoproteins particles (chylomicrons) that may enter the lymphatic system. The triglyceride‐rich particles of parenteral lipid emulsions are comparable in size to endogenously synthesized chylomicrons, and both types of particles are coated by a monolayer of phospholipids. However, lipid emulsions particles differs from chylomicrons in that they contain a higher proportion of phospholipids, they lack cholesteryl esters, and upon infusion they do not contain the apolipoproteins that confer specificity on the lipoprotein particles.[35](#jpen1172-bib-0035){ref-type="ref"} Nevertheless, the catabolic fate of lipid emulsions in the blood was previously thought to be analogous to that of chylomicrons.[36](#jpen1172-bib-0036){ref-type="ref"} More recent data indicate that there are differences in the particle blood clearance rate and clearance mechanism, as well as tissue targeting between lipid emulsions and chylomicrons.[37](#jpen1172-bib-0037){ref-type="ref"} In addition, the FA composition of the lipid emulsion particles impact clearance rate and tissue targeting.[38](#jpen1172-bib-0038){ref-type="ref"}, [39](#jpen1172-bib-0039){ref-type="ref"} The biochemical differences between chylomicrons and lipid emulsion particles could possibly explain the differences in efficiency to convert DHA administered enterally or parenterally into serum phospholipids.

To the best of our knowledge, this is only the second study investigating the combined effect of enteral and parenteral lipids on blood FA levels in extremely preterm infants. De Rooy et al determined the cumulative intake of LC‐PUFAs from milk, formula, and parenteral sources over the first 6 weeks of life for infants born \< 28 weeks gestational age.[40](#jpen1172-bib-0040){ref-type="ref"} The infants received 1.2 g kg^−1^ less DHA and 7.7 g kg^−1^ less AA than normally provided in utero during the corresponding period. Enteral and parenteral FA intake during week 1 and 2 were comparable in the study by De Rooy et al and the Clinoleic (Baxter Medical AB) group in this study. Thus, infants on Clinoleic (Baxter Medical AB) in the present cohort may suffer from a similar deprivation of AA and DHA during their first weeks of life.

Conclusions {#jpen1172-sec-0200}
===========

Our results suggest that it is difficult to increase serum fractions of the LC‐PUFAs AA and DHA in extremely preterm infants through parenteral lipid supplementation. High intake of fish oil‐containing lipid emulsion rich in n‐3 LC‐PUFAs (SMOFlipid; Fresenius Kabi) resulted in reduction of serum AA, whereas high intake of a plant oil‐only emulsion (Clinoleic; Fresenius Kabi) decreased serum EPA and DHA levels. There is a need for further development of parenteral lipid emulsions for use in neonates to obtain an FA composition that results in appropriate serum lipid levels that meet the needs of the preterm infant.
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**Figure S1**. Fatty acid fractions in cord blood (CB) and infant serum. Data are presented as median (25^th^‐75^th^ percentile). Figure S1 is available online at http:/pen.sagepub.com.

###### 

Click here for additional data file.
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